A fast-setting calcium-silicate cement (Endocem) was introduced in the field of dentistry for use in vital pulp therapy. Similar to mineral trioxide aggregate (MTA), it contains bismuth oxide to provide radiopacity. Recently, another product, EndocemZr, which contains zirconium oxide (ZrO2) as a radiopacifier, was developed by the same company. In this study, the biological/odontogenic effects of EndocemZr were investigated in human primary dental pulp cells (hpDPCs) in vitro and on capped rat teeth in vivo. The biocompatibility of EndocemZr was similar to that of ProRoot and Endocem on the basis of cell viability tests and cell morphological analysis. The mineralization nodule formation, expression of odontogenic-related markers, and reparative dentin formation of EndocemZr group was similar to those of other material groups. Our results suggest that EndocemZr has the potential to be used as an effective material for vital pulp therapy, similar to ProRoot and Endocem.
INTRODUCTION
Pulpally involved primary teeth with carious, mechanical, or traumatic exposures require vital pulp therapy such as pulp capping, partial pulpotomy, or full pulpotomy, which involves the amputation of the infected part of the coronal pulp followed by the placement of a suitable medicament or dressing 1) . The procedure preserves the vitality of the remaining pulp and helps retain the tooth in a desirable state until normal exfoliation occurs. For these purpose, mineral trioxide aggregate (MTA) has been successfully used as an alternative to formocresol [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and calcium hydroxide 12, 13) due to its favorable physical and biological properties. It is composed mainly of Portland cement, with bismuth oxide included as a radiopacifier. It suffers the drawback of a long setting time; however, there have been many attempts to overcome this through the addition of chemical accelerators [14] [15] [16] [17] . Although the setting time of MTA with additives is shorter than that of the original form of MTA, the reported setting time is still too long to reflect clinical significance. Moreover, various studies have shown that adding additives to MTA to shorten its setting time may have adverse effects on its physical and biological properties [17] [18] [19] . Meanwhile, a fast-setting calcium-silicate cement (Endocem, Maruchi, Wonju, Korea) was introduced in the endodontic market. Endocem sets quickly without the addition of a chemical accelerator because it contains small particle calcium-silicate cement. There have been some recent studies which demonstrated that the setting time of Endocem is much shorter than that of ProRoot 20, 21) . Notably, Choi et al. reported that Endocem is biocompatible and has similar mineralization potential comparable to that of ProRoot in MG63 cells 20) . Park et al. also showed that Endocem has similar odontogenic effects in human dental pulp cells and exposed rat dental pulp 22) . In common with MTA, it contains bismuth oxide to provide radiopacity. Although bismuth oxide provides sufficient radiopacity, there are several reports showing that it has harmful effects stemming from its biological and mechanical properties [23] [24] [25] [26] .
Among possible alternatives to bismuth oxide, zirconium oxide (ZrO 2) was investigated as a candidate because of its adequate radiopacity and cost-effectiveness. ZrO 2 was initially introduced as a biomaterial for use in hip and other joint implants in orthopedic surgery, due to its hardness, high density, and good wear resistance 27) . It has been reported that ZrO2 provided acceptable radiopacity when mixed with Portland cement 28) . Recently, Cutajar et al. showed that Portland cement containing ZrO2 possessed physical properties comparable to those of MTA 27) . Furthermore, Camilleri et al. reported that ZrO2 acted as an inert filler and did not participate in the hydration reaction of Portland cement 29) .
The manufacturer that produces Endocem recently released another fast-setting calcium-silicate cement, containing ZrO2 as a radiopacifier (EndocemZr, Maruchi). The base material of EndocemZr is same as original Endocem. However, there has been no study to date regarding its biocompatibility and odontogenic effects, especially in primary dental pulp cells. In consideration thereof, we investigated the biocompatibility and odontogenic effects of EndocemZr, including odontoblastic differentiation of human primary dental pulp cells (hpDPCs) in vitro and reparative dentin formation on exposed rat pulp in vivo, compared to the most widely used MTA brand (ProRoot, Dentsply, Tulsa, OK, USA) and the previously marketed fast-setting calcium-silicate cement (Endocem).
MATERIALS AND METHODS

Chemical element analysis
Energy dispersive X-ray spectroscopic (EDS) analysis was performed using an Apollo-X detector (EDAX, Mahwah, NJ, USA), which was attached to a scanning electron microscope, for chemical element analysis of the surfaces of ProRoot, Endocem, and EndocemZr. The high magnification of 10,000× was selected to discern the chemical compositions of specific crystal types within a sample. Via this process, a spectrum was obtained, and elements were identified. Semi-quantitative, standard-less analyses of these spectra were performed to determine the atomic percent concentrations of constituent elements.
Measurement of setting time
The test materials were mixed according to the manufacturers' instructions. The samples (n=5) were tested just before their anticipated setting time and at 30-s intervals until they were fully set. A Gilmore apparatus was used with a stainless steel indenter and 1/4-pound indentation force for the initial setting time measurement; a 1-pound indentation force was used for the final setting time. The setting time was defined as the time at which the indenter failed to leave a definite mark on the surface of the sample. One-way ANOVA and Tukey's tests were used for statistical analysis (p<0.05).
Measurement of pH
Specimens (1 mm thickness and 5 mm diameter) of ProRoot, Endocem, or EndocemZr were prepared and allowed to set for 1 day. After setting, one tablet was placed in 10 mL of deionized water. The pH value of the water was then measured using a pH meter (Orion 3 Star, Thermo Scientific, Singapore). Prior to measurement, the pH apparatus was calibrated with pH 7.0 and pH 4.0 solutions. Between each measurement, the electrode was washed with ultrapure water and blotted dry. Statistical analysis was performed by one-way ANOVA followed by a multiple-comparison Tukey's test (p<0.05).
Primary culture of hpDPCs
Human primary dental pulp tissues obtained from primary incisors during the performance of pulpectomy were removed aseptically, rinsed with phosphate buffered saline solution (PBS) (HyClone Laboratories, Logan, UT, USA) and placed in a 60 mm tissue culture dish (Nunc, Roskilde, Denmark). The tissues were then minced with a blade into small fragments and cultured in minimal essential medium α (MEM α) (HyClone Laboratories) containing 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA, USA) along with 100 U/mL of penicillin and 100 U/mL of streptomycin (Invitrogen). Cultures were maintained at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. Cell cultures between the third to fifth passages were used in this study. All experimental procedures were approved by the Institutional Review Board (IRB #: 2013-03-004) of the Chonbuk National University Hospital (Jeonju, Korea).
Preparation of material extracts
The tested materials were mixed according to the manufacturers' instructions. The mixed cement was placed into a paraffin wax mold (1 mm thickness and 5 mm diameter), and the cement was stored in an incubator at 100% relative humidity and 37°C for 1 day of hydration. The cements were then sterilized in ultraviolet light for 1 h. One tablet of each cement was stored in 10 mL of MEM-α (HyClone Laboratories) containing 10% FBS (Invitrogen) for 3 days.
Cell viability test
Cells were seeded in 24-well culture plates at a density of 2×10 4 cells per well and preincubated in growth medium for 24 h. The cells were then treated with the prepared extracts. After exposure to the material extracts for 1, 2, 3, 7, and 14 days, cell viability was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. In brief, 200 μL of MTT solution (0.5 mg/mL in PBS) was added to each well, and the plates were incubated for 2 h. Subsequently, 200 μL of dimethyl sulfoxide (DMSO) (Amresco, Solon, OH, USA) was added to each well. The plates were then shaken until the crystals had dissolved, and the solution in each well was transferred to a 96-well tissue culture plate. Reduced MTT was then measured spectrophotometrically at 540 nm in a dual-beam microtiter plate reader (SPECTROstar Nano, BMG Labtech, Ortenberg, Germany). Statistical analysis was performed by one-way ANOVA followed by a multiple-comparison Tukey's test (p=0.05).
Cell morphological observation
Under aseptic conditions, the tested materials were condensed into 1 mm×5 mm round wax molds. The materials were allowed to set for 24 h in a humidified incubator at 37°C. The disks were then placed into 24well tissue culture plates (SPL Lifesciences, Pocheon, Korea). Cells were seeded at 1×10 5 cells per well on the prepared materials. After a 72 h incubation period, the disks were fixed with 2.5% glutaraldehyde (Sigma-Aldrich, St. Louis, MO, USA) for 2 h. Samples were then dehydrated in increasing concentrations of ethanol (70%, 80%, 90%, 95%, and 100%) for 20 min at each concentration and immersed in n-butyl alcohol (Junsei Chemical Co., Tokyo, Japan) for 20 min. Scanning Absence of hard tissue bridge electron microscopy (SEM) was performed using an S-3000N system (Hitachi, Tokyo, Japan) operated at 10 kV.
Evaluation of mineralized nodule formation
Cells were seeded in 24-well plates at a density of 2×10 4 cells per well and cultured for 24 h for initial attachment. After exposure to the extract medium for 14 days, mineralization was assessed by staining with Alizarin red S (Sigma-Aldrich). In brief, cells were fixed with 4% p-formaldehyde for 1 h at 4ºC, washed 3 times with distilled water, and then stained with 40 mM Alizarin red S (pH 4.2) solution. After washing the stained cells with deionized water, an image was acquired by scanning. For quantitative evaluation, the sample was allowed to react with 10% cetylpyridinium chloride (pH 7.0, Sigma-Aldrich) solution at room temperature for 15 min, and absorbance was measured at a wavelength of 540 nm with comparison to a standard solution. Oneway ANOVA and Tukey's tests were used for statistical analyses (p=0.05).
Expression of odontogenic-related markers
Sterilized glass coverslips were placed in 6-well tissue culture plates. Cell suspensions containing 1×10 4 cells per mL were added, and the cells were incubated for 24 h to allow initial attachment. The medium was then replaced with the material extracts. After incubation in extract medium for 7 days, the cells were fixed in 4% p-formaldehyde for 20 min at room temperature. The cells were then incubated in 0.1% Triton X-100 (Amresco) in PBS for 15 min. After blocking in 10% goat serum for 1 h at room temperature, the cells were incubated for 2 h with monoclonal mouse anti-dentin sialophosphoprotein (DSPP) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or anti-osteonectin (ON) antibody (Santa Cruz Biotechnology) (1:100) in 10% goat serum. The cells were then incubated with fluorophore-conjugated secondary antibodies (FITC-conjugated anti-mouse IgG; Thermo Scientific, Rockford, IL, USA) for 2 h at room temperature. The coverslips were mounted onto slides using mounting solution. Fluorescent images were obtained using a confocal laser scanning microscope (Carl Zeiss, Jena, Germany). Signal intensity was measured by using densitometer (GS-800; Bio-Rad, Hercules, CA, USA). One-way ANOVA and Tukey's tests were used for statistical analyses (p=0.05).
Surgical procedure
Twenty-two healthy upper first molars from 11 eightweek old male Wistar rats were used for this study.
Occlusal class I cavities were prepared, and then pinpoint pulpal exposures were made on the occlusal surfaces of upper first molars using a #1/8 round carbide bur at high speed with water cooling. The teeth were then randomly divided into three test groups, as follows; group 1: ProRoot (n=6), group 2: Endocem (n=6), and group 3: EndocemZr (n=6). The materials were applied to the exposure sites, and the capped cavity was covered with light-cured glass ionomer cement (Fuji II LC; GC, Tokyo, Japan). The teeth in the control group (n=4) were capped only with glass ionomer cement. After 4 weeks, the rats were sacrificed by transcardial perfusion with 4% p-formaldehyde. The experimental procedures were approved by the Institutional Animal Care and Use Committees (IACUC #: WKU12-34) of Wonkwang University (Iksan, Korea).
Histologic examination
Maxillary segments were dissected carefully, immersed in 4% paraformaldehyde, and kept at 4°C for 24 h. After decalcification using an 18% ethylene diamine tetraacetic acid (EDTA) (Yakuri Pure Chemical, Osaka, Japan) solution, the specimens were embedded in paraffin, sectioned (5 μm thickness), and stained with hematoxylin-eosin. Reparative dentin formation was scored according to the criteria used in a previously published study with slight modification ( Table 1) 30) . The Mann-Whitney U test was used to evaluate tertiary dentin formation (p=0.05).
RESULTS
Chemical element analysis
The EDS spectra for elemental identification showed that ProRoot, Endocem, and EndocemZr contained calcium (Ca), oxygen (O), and silicon (Si) as their major elemental constituents. Notably, EndocemZr contained zirconium (Zr) instead of bismuth (Bi) as a radiopacifier (Fig. 1) .
Setting time
The initial setting time of ProRoot was 75 min (±5 min), and the final setting time was 241 min (±18 min). The initial setting time of Endocem was 3 min (±30 s), and the final setting time was 5 min (± 30 s). The initial setting time of EndocemZr was 5 min (±30 s), and the final setting time was 8 min (±30 s). The setting times of Endocem and EndocemZr were significantly shorter than that of ProRoot (p<0.05).
Measurement of pH value
All the tested materials were highly alkaline (pH [10] [11] [12] . There was no significant difference in pH values between the two cements until day 3 (p>0.05). However, the pH values of ProRoot were significantly higher than those of Endocem and EndocemZr after day 4 (p<0.05) (Fig. 2) .
Cell viability test
As shown in Fig. 3 , the viabilities of ProRoot-, Endocem-, and EndocemZr-treated cells were comparable to medium only-treated control cells throughout the experimental period (p>0.05).
Cell morphologic analysis
Well-spread and flattened cells were observed in close contact with the surfaces of ProRoot, Endocem, and EndocemZr (Fig. 4) .
Effects of the materials on mineralized nodule formation
Compared with untreated control cells, cells in the ProRoot-, Endocem-, and EndocemZr-treated groups showed significant increases in mineralization based on Alizarin red S staining for calcium, as shown in Fig. 5 (p<0.05) . Furthermore, there were no significant differences in mineralization among the three experimental groups (p>0.05).
Expression of odontogenic-related markers
DSPP and ON were localized in the cytoplasm, specifically in the perinuclear region, of ProRoot-, Endocem-, and EndocemZr-treated cells. Furthermore, the protein signals in the cells of the experimental Fig. 7 Capped pulps stained with hematoxylin-eosin 4 weeks after treatment with ProRoot (a), Endocem (b), or EndocemZr (c) (100×). (d) Control: specimen of the control group capped without an experimental pulpcapping material (100×). Reparative dentin with complete continuity was formed directly underneath the capping material and the pulp exposure area in samples of the 3 tested groups, but there was no reparative dentin formation in the pulp exposure area of the control group. *Reparative dentin formed underneath the capping materials. groups were stronger than those in the cells of the control group (p<0.05) (Fig. 6) .
Effects of the materials on reparative dentin formation in vivo
Four weeks after treatment, reparative dentin with complete continuity had formed directly underneath the capping materials and the pulp exposure area in all samples in the cement-treated groups ( Table 2 ; Fig.  7(a)-(c) ). In contrast, there was no reparative dentin formation in the pulp exposure area in the control group ( Fig. 7(d) ). Consequently, there was no significant difference between the tested materials with respect to the formation of reparative dentin (p>0.05).
DISCUSSION
MTA is essentially Portland cement and bismuth oxide in the proportion of 4:1, bismuth oxide being added for radiopacity 31) . However, bismuth oxide is known to retard hydration, prolong setting time, and reduce the mechanical strength and durability of the resulting cement matrix 25, 26) . Furthermore, the presence of bismuth oxide has been reported to exhibit initial toxicity towards human dental pulp cells and human periodontal ligament cells 23, 24) . Alternative radiopacifying agents with superior physicochemical and biological properties are currently under consideration. ZrO2 is among these candidate radiopacifiers, as it is biocompatible and is currently used in the reconstruction of skeletal and dental tissues [32] [33] [34] . Therefore, in this study, we investigated the biological effects of a ZrO2-containing fast-setting calcium-silicate cement with respect to biocompatibility and odontogenicity. First, we investigated the setting time of EndocemZr in comparison with other materials. The final setting time of EndocemZr was around 8 min, which was significantly shorter than that of ProRoot (p<0.05). Similar to Endocem, EndocemZr consists of small particles of calcium-silicate. The use of small particles increases the surface contact of the particles with the liquid, and consequently provides rapid setting 20) . Therefore, EndocemZr might be used in a single-visit scenario without the requirement for an additional appointment for vital pulp therapy, because a clinician could perform a restorative procedure including an etching and bonding process in the day.
We also evaluated the biocompatibility of the 3 tested materials by investigating cell viability and morphology. In this study, there were no significant differences in cell viability among the three experimental groups throughout the experimental period ( Fig. 3 ). Furthermore, SEM observations revealed that hpDPCs cultured directly on each material for 3 days appeared to be flat, and exhibited well-defined cytoplasmic extensions (Fig. 4) . It is generally considered favorable for a pulp dressing material to be biocompatible because the material is then less likely to induce a response such as pulpal inflammation 35) . EDS analysis of the study revealed that EndocemZr contains similar chemical constituents, such as Ca, O, Si, to those of ProRoot and Endocem. Furthermore, EndocemZr contains a significant amount of Zr as a radiopacifier, whereas others contain Bi (Fig. 1) . Several recent studies showed that Endocem possessed similar cell viability to and much shorter setting time than ProRoot [20] [21] [22] . Li et al. also reported that ZrO2 particles contained in MTA-like Portland cement had a positive impact on in vitro biocompatibility with MG63 cells 36) . However, in the present study, this formulation fell short of our initial expectation in terms of biocompatibility because EndocemZr which contains ZrO 2 did not demonstrate biocompatibility superior to other materials containing bismuth oxide.
We then investigated whether ProRoot, Endocem, and EndocemZr facilitate odontoblastic/osteoblastic differentiation of hpDPCs in vitro. The ultimate goal of vital pulp therapy is to induce the dentinogenic potential of pulp cells and consequently promote the formation of dentinal bridge [37] [38] [39] . Therefore, we investigated whether the tested materials promote odontoblastic/osteoblastic differentiation of hpDPCs, as evidenced by the formation of mineralization nodules and increased expression of odontogenic/osteogenic-related markers such as DSPP and ON. DSPP is considered to be a specific biochemical marker for functional odontoblasts 40) . ON is a major noncollagenous protein of bone and dentin, and is responsible for the mineralization properties of these tissues 41) . In the present study, the degrees of formation of mineralization nodules in the ProRoot-, Endocem-, and EndocemZr-treated cells were higher than in cells of the control group (p<0.05) ( Fig. 5 ). Moreover, in confocal microscopic analyses, we observed that the signals of DSPP and ON proteins were stronger in the ProRootand Endocem-treated cells than in control group cells (Fig. 6 ). There have been several studies showing that MTA-like materials promote the odontogenic/osteogenic differentiation of dental pulp cells [42] [43] [44] [45] . Recently, it was also demonstrated that Endocem facilitates the odontogenic differentiation of human dental pulp cells 22) as well as MG63 cells 20) . It was also demonstrated that calcium ions released from MTA-derived cements may affect the odontoblastic/osteoblastic differentiation of human dental pulp cells 44) . EDS analysis performed in this study revealed that EndocemZr contains an amount of Ca similar to ProRoot and Endocem (Fig. 1) . Overall, the present results were in agreement with the preceding studies, and indicated that EndocemZr might have similar odontogenic/osteogenic effects to ProRoot and Endocem.
Finally, we investigated the reparative dentin formation induced by the tested materials on exposed rat dental pulp in vivo. Similar to the in vitro findings of the current study, there were no significant differences between the experimental groups with regard to reparative dentin formation ( Fig. 7(a) -(c) and Table  2 ). However, there was no reparative dentin formation in the pulp exposure area in the samples of the control group ( Fig. 7(d) ). It is generally believed that high alkalinity of the material is mainly responsible for reparative dentin formation in an in vivo environment 46) . When a material with high pH such as calcium hydroxide or MTA is in contact with pulp tissue, it elicits a mild stimulation which is responsible for the odontogenic differentiation of dental pulp cells 47, 48) . Consequently, reparative dentin is formed on the exposed pulp tissue by cells differentiated into odontoblast-like cell types. In the present study, all test materials had pH values that remained consistently high for 14 days. Along with ionic release or other possible mechanisms, this high pH may be largely responsible for effecting the formation of reparative dentin in vivo.
Collectively, the present study indicates that the ZrO 2-containing calcium-silicate cement, EndocemZr, has a biocompatibility and odontogenicity similar to ProRoot and Endocem in vitro and in vivo. EndocemZr also has a much quicker setting time than ProRoot. Given these findings, within the limitations of this study, we suggest that EndocemZr has the potential to be used as a predictably reliable material for vital pulp therapy, especially in primary teeth.
